Adsorbent materials created from wastewater sludge have unique surface characteristics and could be effective in adsorption applications. In this research, the sludge-adsorbents were generated by pyrolyzing mixtures of sewage sludge and H 2 SO 4 . Scanning electron microscope (SEM), thermal analysis, X-ray diffraction (XRD) and X-ray photoelectron spectroscope (XPS) were used to analyze the properties of sludge-adsorbent. XPS results show that the adsorbent surface functional groups with high contents of oxygen-containing groups serve as active sites for the adsorption and affect the surface characteristics; the adsorption mechanism of methylene blue (MB) is mainly Brö nsted acid-base reaction between the adsorbent surface and MB; and iodine atoms are bonded to the surface of the adsorbent mainly by dispersive interactions rather than by electrostatic interactions. The results also show that H 2 SO 4 level, pyrolysis temperature and sulfuric acid/sludge weight ratio actually affected the adsorption characteristics. Using the conditions (H 2 SO 4 level of 1-18 M, pyrolysis temperature of 6508C, and weight ratio of 0.8), the adsorption capacities for MB and iodine were 74.7-62.3 mg g 21 and 169.5-209.3 mg g 21 , respectively.
INTRODUCTION
Residual sewage sludge contains a high proportion of organic matter, with the total solids and volatile matter contents of the sludge typically 20% and 60 -80%, respectively (Tay et al. 2001; Chena et al. 2002; Martin et al. 2003; Rozada et al. 2003) . This suggests that sewage sludge might be converted into an effective absorbable material which can absorb many kinds of pollutants (Tay et al. 2001; Chena et al. 2002; Martin et al. 2003; Rozada et al. 2003) . It is a new way to handle sewage sludge which can re-utilize the sewage sludge and avoid secondary pollution to the environment induced by landfilling sewage sludge directly.
Various types of adsorbents have been developed from organic sewage sludge using H 2 SO 4 , H 3 PO 4 and ZnCl 2 as chemical activation reagents (Martin et al. 2003; Rozada et al. 2003; Sé bastien et al. 2005) , and the carbonaceous products used for the adsorption of pollutants in gaseous and aqueous solutions. Our previous research work (Xu et al. 2005) has also shown the adsorption capacities of H 2 SO 4 activated adsorbent in enhanced sewage treatment. These studies mainly put their emphasis on the capacities of adsorbents for various pollutants, but less attention to details of the adsorption reactions between adsorbent surface and pollutant molecules. This study aims to explore the characteristics of H 2 SO 4 activated sludgeadsorbent with scanning electron microscope (SEM), thermal analysis, X-ray diffraction (XRD) and X-ray photoelectron spectroscope (XPS), and their uptake of methylene blue (MB) and iodine, to have a deep understanding of the physical and chemical characteristics of the adsorbent surface, and of the adsorption reactions between doi: 10.2166/wst.2010.372 adsorbent surface and MB molecule and between adsorbent surface and iodine molecule.
METHODS

Materials and process
The raw material used for adsorbent preparation is sewage sludge from the Wen-chang Wastewater Treatment Plant, Harbin, China. The wastewater treatment plant has a design capacity of 1.0 £ 10 6 m 3 d 21 . The dewatering of sewage sludge was conducted using a belt filter press and cationic polymeric flocculants were used for sludge conditioning. The sludge cake generated from the activated sludge process is approximately 1.6 £ 10 5 kg d 21 in wet weight. The raw sludge contains water 78.4-82.5%, volatile solids 65.3-67.5%, organic carbon 35.6 -37.0% and ash 38.2-39.9%. The sludge was dried outdoor at room temperature for about 1 month to reduce water to less than 5% before making adsorbent.
To produce the adsorbent, the dried sludge was mixed with H 2 SO 4 (1M, 3M, and 18M) and dried in the oven at 1058C for 24 h. The mass ratios of sludge and H 2 SO 4 were 0.3-1.5. The samples were then pyrolyzed in a muffle furnace without oxygen at a rate of 158C min 21 to 400-7508C and held for 30 min. Then the samples were ground to powder (d , 0.1 mm) and to remove inorganic impurities 1M HCl and distilled water were used to wash the samples one and three times, respectively. Finally, samples were dried in oven at 1058C for 24 h. Yields of the adsorbents obtained were 43.5-48.1% and the ash contents of the adsorbents ranged 49.2-54.5%.
The optimal conditions for making sludge-adsorbent are pyrolyzing the mixture of sewage sludge and H 2 SO 4 (1M, 3M, and 18M) at 6508C with a weight ratio of 0.8. In the following, S1, S2, and S3 are names used for the adsorbent activated by 1M, 3M, 18M H 2 SO 4 at the optimal conditions, respectively.
Adsorption tests
In this test two adsorbates (MB and iodine) were selected for evaluating the sludge adsorbent characteristics.
MB is a cationic adsorbate widely used in characterization studies of aqueous adsorption. Structural formula of MB is C 16 H 18 ClN 3 S (Wang et al. 2005; Wang & Zhu 2007) . Many researchers (Calvo et al. 2001; Otero et al. 2003) have used it to characterize adsorbents as it is a good representative of the adsorption of medium-sized molecules and of mesoporous capacity (pore diameter 1-50 nm).
Methylene blue (MB) was prepared in phosphoric acid buffer solution (pH < 7) with stock concentration as 1,000 mg L 21 . The MB adsorption test was as follows: 0.5 g sample is put into a 250 mL Erlenmeyer flask, and subsequently 50 mL MB solution added. Then the Erlenmeyer flask is shaken in a thermostat water bath at 258C for 2 h, and 0.5 mL supernatant is diluted to 50 mL for test at 665 nm by spectrophotometer (T6, China).
Iodine has a molecule diameter between 0.45 and 0.67 nm and is also commonly used in characterization studies of aqueous adsorption. The iodine number (mg I 2 g 21 ) is calculated according to ASTM D4607-94 standard test method (D4607 -94, 1995) with an initial iodine concentration of 0.1 mol L 21 . It is considered a simple method to evaluate the surface area of adsorbent such as active carbon (D4607 -94, 1995) .
Characteristics tests of raw sludge and adsorbent
Sample microstructure was observed with S-570 scanning electron microscope (SEM) (U.S). Samples included dried sewage sludge and sludge adsorbent. Samples were vacuum filtered and then were sputter-ion over gilded. The voltage of the electron gun was 20 kV, the current of the electron bundle was 150 mA.
The pH pzc (point of zero charge) and surface charge were measured by potentiometric acid-base titration of the adsorbent suspensions (Stumm & Morgan 1996; Xu et al. 2005 ). About 0.05 g of adsorbent was added into 100 ml distilled water and allowed to equilibrate for 1 h before titration was started. Two identical samples were prepared and titrated with 0.1 M HNO 3 and 0.1 M NaOH, respectively. Then the pH value at the pH pzc was determined by plotting surface charge versus system pH. Thermal analyses were examined by a ZRY-2P simultaneous DTA-TGA analyzer (Japan). Samples were tested under N 2 atmosphere at gas-flow rate 30 mL min 21 .
Temperature ranged 20-1,0008C, at a heating-up rate of 158C min 21 . Samples ranged from 4 -10 mg in mass, and were compacted into a Pt-Rh crucible with 20 taps to make the powder samples compact.
Phase analysis of the sample was determined by the D/max-g b X-ray diffractometer (Japan) with 50 mA and 40 Kv. Test conditions were Cu target and Ka ray.
X-ray photoelectron spectroscope (XPS) was employed to determine the surface chemical properties of the sample.
Samples included dried sewage sludge, sludge adsorbent (S1, S2, S3) and MB-adsorbed adsorbent (S1a, S2a, S3a), where S1a, S2a, and S3a stand for the MB-adsorbed adsorbent S1, S2 and S3, respectively. The adsorbents after MB adsorption were blast-dried at room temperature for 24 h before XPS analysis. The analysis was made with a PHI 5700 ESCA system (USA) with Al Ka X-ray source (1486.6 eV of photons) to determine the element atoms present on the surface of the samples. The X-ray source was run at a reduced power of 250 W, and the pressure in the analysis chamber was maintained at less than 10 2 9 Torr during each measurement. All binding energies were referred to the neutral C1 s peak of CZC at 284.5^0.1 eV to compensate for the surface charging effects.
RESULT AND DISCUSSION
Effects of preparation process on adsorbent characteristics
Surface morphology
It can be seen from Figure 1 that after pyrolysis the pore structures in the adsorbents are clear and visible. It shows that there are very few pores on the surface of the raw sludge, but the obtained adsorbents have rougher surfaces and a variety of interrupted pores, thus showing that the pyrolysis process greatly changes the sample structure and surface. After pyrolysis there are many pores in the surface of the samples, and the degree of surface roughness increases, with pores of irregular structure.
Thermal analysis
It can be seen from thermal gravimetric (TG) and differential thermal gravimetric (DTG) test ( Figure 2 ) that at a fixed heating rate, the pyrolysis of raw sludge and in raw sludge (Figure 3 ). The surface levels of C in the adsorbent shown in Table 1 have an order of S1 (50.45%) , S2 (63.49%) , S3 (72.48%), and for O, N and
Si, and the data all show that S1 . S2 . S3. It means that the higher applied H 2 SO 4 levels lead to higher relative content of C and lower O, N and Si contents. As shown in Figure 3 that nearly all the silica element in the obtained adsorbent exists as quartz, it means that the activation and pyrolysis process do not have obvious effect on the silica element in raw sludge. Small amounts of S and P are all detected in S1, S2 and S3. (Table 3) .
It can be seen from Table 2 that for S1, S2 and S3, the sum of oxygen-contained functional groups increases from 5.18% in the raw sludge to 25.00, 19.26 and 11.96%, respectively; and the nitrogen-containing functional groups increase from 1.00% in the raw sludge to 12.76, 7.97 and 3.86%, respectively. These data have same orders with the revised O/C and N/C atomic ratios obtained from Table 3 , that is S1 . S2 . S3. This means that adsorbent that is activated with concentrated H 2 SO 4 will have a higher carbon content and lower surface functional group content; adsorbent activated with diluted H 2 SO 4 has relatively lower carbon content and higher surface functional group content. The reason could be that the dehydration capability of sulfuric acid leads to an increasing carbonaceous fraction with preserved surface chemistry of the inorganic phase (Bagreev & Bandosz 2002) , and H 2 SO 4 treatment leads to the formation of oxygen surface groups that decompose as lactone, phenol and carbonyl/quinine groups at high temperature (Boyano et al. 2008) . The increase in nitrogen-containing functional groups may be attributable to the reduction of the adsorbent's carbon content and or to the nitrogen element from microorganisms in the sewage sludge coming to the surface after the pyrolysis treatment.
So it could be seen that pyrolysis with H 2 SO 4 makes the elements of raw sludge emerge and form the pore configuration and functional groups.
The adsorption characteristics of sludge-adsorbent to MB and iodine and influence factors
Influence factors on adsorption characteristics
As shown in Figure 4 , at a pyrolysis temperature between 400-5508C, the MB adsorption level decreased with the increasing of pyrolysis temperature, with the spurious exception of 18 M H 2 SO 4 . Compared to 1 M and 3 M H 2 SO 4 , the concentrated H 2 SO 4 (18 M H 2 SO 4 ) changes the pyrolysis process a lot at this temperature stage, possibly because of the strong oxidation of 18 M H 2 SO 4 . It has also been reported (Bagreev et al. 2001 ) that 4008C is not high enough to dehydroxylate inorganic oxides and fully carbonize organic matter. Therefore the optimal adsorption level was not got in this temperature range. In 550 -6508C, pores are well formed, which induces the increasing of MB adsorption level. When the pyrolysis temperature exceeds 6508C, the MB and iodine adsorption levels decrease. So, the optimal pyrolysis temperature for making adsorbent from sewage by H 2 SO 4 activation is 6508C. It is also shown in Figure 4 that, when the weight ratio of sulfuric acid/sludge is below 0.8, the MB and iodine adsorption levels increased with increasing weight ratio. When the weight ratio is 0.8, the optimal adsorption capacity is obtained. Further increases in weight ratio do not give additional increases in adsorption levels. It can be deduced that during pyrolysis, the H 2 SO 4 partly converts CZOH into CvO as the pyrolysis temperature and weight ratio reach optimal levels. So a stable pore structure is obtained, and numerous oxygen-containing functional groups are formed on the surface of the adsorbent, which give good adsorption performance.
Adsorption characteristics between sludge-adsorbent and MB
It can be seen from Table 2 that the MB-adsorbed adsorbent (S1a, S2a and S3a) have high CZN percents. Besides the high content of N in MB molecule, there possibly is another reason for this phenomenon. The S/C atomic ratios of S1a, S2a and S3a are all between 0.032 -0.037 (Table 3) , which will affect the fitting of C1s XPS spectra. A literature showed that sulphur element in thiophene gives C1s XPS spectra a peak at a binding energy 285.8 eV (Gelius et al. 1971) . And it can be seen from the structural formula that sulphur in thiophere and MB molecule have similar bond structure. So the sulphur present in the MB molecule which is bonded on the adsorbent presumably gives a peak (285.8 eV) to the XPS C1s spectra of samples S1a, S2a and S3a. This peak (285.8 eV) cannot be differentiated from the amino group (285.5 eV), so the CZN percents of S1a, S2a and S3a in Table 2 actually show the sum of CZN and CZS. This may be the other reason for the high percent of CZN in the XPS C1s spectra of S1a, S2a and S3a (Table 2) .
From Table 1 , it can be seen that surface C elements have an order of S1a (59.26%) , S2a (63.27%) , S3a
(67.98%). And for surface O, N and Si, the data show that S1a . S2a . S3a. These data have similar orders with adsorbents before MB adsorption. The similar orders before and after adsorption suggests that the three adsorbents S1, S2 and S3 might have similar adsorption mechanism to MB and it could be illustrated as followed.
On the surface of the sludge adsorbent the oxygen and nitrogen functionalities (such as surface hydroxyl groups SurfaceZOH and amphoteric groups NH þ 3 ZSurfaceZ COO 2 (Stumm & Morgan 1996) ) could act as Brö nstedtype sites and take part in proton acceptor -donor reactions 
The silicon (3.59 -6.88%, Table 1 ) on the adsorbent surface exists as a silane group (uSiZOH) in solution (Stumm & Morgan 1996) and it can be considered as providing surface hydroxyl groups SurfaceZOH. In the condition of pH . pH PZC , the adsorbent surface becomes negatively charged, favoring the adsorption of cationic species (Faria et al. 2004) . In this work, the pH of the MB solution is around 7, which apparently exceeds the pH pzc of the adsorbent (Table 3) , leading to a negatively charged adsorbent surface. The reaction between the cationic dye and the negative surface thus could be represented in two ways (Wang & Zhu 2007) :
These reactions show the formation of Brö nsted acidbase complexes between the adsorbent surface and MB.
The order of oxygen-containing group relative contents (S1 (25.00%) . S2 (19.26%) . S3 (11.96%), Table 2 ) is uniform with the MB adsorption order (S1 (74.7 mg g 21 )
. S2 (70.6 mg g 21 ) . S3 (62.3 mg g 21 ), Figure 4 ), verifying that the adsorption mechanism for MB is dominated by Brö nsted acid-base reaction.
Adsorption reaction between sludge-adsorbent and iodine
Iodine numbers are S1 (169.5 mg g 21 ) , S2 (192.8 mg g 21 )
, S3 (209.3 mg g 21 ) (Figure 4) , which have the same order with the relative surface content of carbon on the adsorbent surface (Table 1 ). This means that for a nonpolar, small molecule adsorbate such as iodine, the higher the carbon content the higher the adsorption capacity. Higher carbon content gives the adsorbent an adsorption behavior approaching likes that of activated carbon. Dispersion interactions may occur between the adsorbate and the p-electrons of carbon basal planes because that thermal treatment of the carbon precursors gives the adsorbent polyaromatic nature (Su et al. 2005) . The XPS analysis suggests that iodine atoms are bonded to the surface of the adsorbent mainly by dispersive interaction rather than by electrostatic interactions.
CONCLUSIONS
Surface properties of adsorbents from sludge and adsorption characteristics of MB and iodine were characterized by scanning electron microscope (SEM), thermal analysis, X-ray diffraction (XRD) and X-ray photoelectron spectroscope (XPS). XPS results show that during pyrolysis process, greater H 2 SO 4 levels led to higher surface carbon contents but lower surface functional group densities. The surface oxygencontained groups act as active site for the adsorption and affect the surface chemistry of the adsorbents. The adsorption mechanism of MB is mainly Brö nsted acid-base reaction between the adsorbent surface and MB. Iodine atoms are bonded to the surface of the adsorbent mainly by dispersive interactions rather than by electrostatic interactions.
